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ABSTRACT
RYAN ANTHONY YATES: Targeted Gene Expression as a Means of Killing Specific
Glial Cells in Drosophila melanogaster Embryos
(Under the direction of Bradley W. Jones)
Complex nervous systems require both neurons and glial cells for proper
functioning. While neurons have been the primary focus of neuroscience research, much
more attention is now being demanded by the glia, whose numerous unknown functions
become clearer. Studies on Drosophila melanogaster have been key to our
understanding of the nervous system, as the development of both neurons and glia has
been well characterized in this organism. In Drosophila, the effects of manipulating the
nervous system can be readily observed using immunostaining of different cell types.
This study examined the consequences of expressing reaper {rpr) in the most
medial cell body glia (MM-CBG) and the medial cell body glia (M-CBG), a subset of
glial cells. Because rpr is a gene that initiates programmed cell death (PCD), the intent
was to develop a tool to express rpr in these specific glial cells. By using PCD to
eliminate the MM-CBG and M-CBG and then observing the effects of this cell death on
subsequent nervous system development, the fimctions of these cells can be deduced.
Crosses were carried out between glial-specific GAL4 lines and a UAS-/flcZ line
to demonstrate that gene expression is targeted to the MM-CBG and M-CBG. Once
verified, a line was manipulated so that it contained both the GAL4 element and UAS-
lacZ. This new line was then crossed to two UAS-/y?r lines, UAS-r/^r*"^ and UAS-rpr^^
IV
to see if the Reaper protein killed the cells. Crosses with wild-type flies were also done
as a control. For all of the crosses, embryos were collected on apple juice plates and
fixed with formaldehyde before utilizing antibody staining to observe where the gene is
expressed.
Ectopic expression of rpr^^ in the MM-CBG and M-CBG did cause programmed
cell death in the cells, whereas ectopic expression of rpr^^ did not kill the cells. The
results indicate that ectopic rpr expression is sufficient to kill the MM-CBG and M-CBG.
The fact that only one UAS-rpr line worked is most likely due to differences in the
amount of expression of the Reaper protein. The local chromosomal environment in
which each of the constructs is located could cause this kind of dosage difference.
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A functional nervous system requires two main categories of cells, neurons and
glial cells. Neurons play the main role in processing and transmitting signals, while the
glial cells play more of a supporting role. While most neuroscience research has focused
on the development and function of neurons, glial cells have recently received much
attention, as their numerous functions and intimate associations with neurons become
clearer.
Glia are thought to play a number of roles for proper neuronal fimction. Among
other things, glia provide structural support to the neurons, as well as wrap and insulate
neurons. They are also involved in maintaining the proper ionic environment in neurons,
and they play a role in regulating synaptic number and activity (Jones, 2001). The
numerous functions of glia implicate a variety of glial cell subtypes, and many of these
have functions that are still unknown.
Research on the fruit fly Drosophila melanogaster has contributed greatly to our
current understanding of the mechanisms underlying nervous system development.
Studies with Drosophila have revealed the lineages, patterns, and identities of glia and
neurons, as well as the specific projections and pathways taken by axons in the
developing central nervous system (CNS) and peripheral nervous system (PNS) (Jones,
2001). Because neurons and glia are arranged in a stereotypical pattern that is repeated in
each segment, individual neurons and glia can be easily identified by position and with a
number of markers in the developing embryos.
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Because the identity and arrangement of glia is so well defined in Drosophila^ use
of this organism to study the specific functions of glia is ideal. The most medial cell
body glia (MM-CBG) and the medial cell body glia (M-CBG) were specifically studied
in this experiment. The MM-CBG and M-CBG are cortex glia, which are thought to be
structurally similar to astrocytes in mammals (Freeman, 2006). Cortex glia are embedded
within the cell cortex and have close contact with neurons. They extend membranes
around the cell bodies of neurons, and these membranes make significant contact with the
blood-brain barrier and oxygen-supplying tracheal elements (Freeman, 2006).
By eliminating the MM-CBG and M-CBG and observing the trophic,
developmental, morphological, and physiological effects on the surrounding neurons, it
would be possible to identify more precisely the functions of these specific glia.
One way to eliminate specific glia is to induce apoptosis in these cells.
Apoptosis, or programmed cell death (PCD), plays an important role in normal
embryonic growth and development in Drosophila (Kerr and Harmon, 1991). During
PCD, the cytoplasm and nucleus of the apoptotic cell condense, and the condensing cell
breaks up into fragments that are eventually engulfed by phagocytotic cells (Abrams et
al., 1993).
Apoptosis is a tightly regulated process, and it has been shown that in Drosophila
there are four main genes that induce embryonic cell death: reaper {rpr) (White et al.,
1994), head involution defective {hid) (Grether et al., 1995), grim (Chen et al., 1996), and
sickle (Srinivasula et al., 2002). The rpr, grim, and hid genes are each located in a small
genomic region at cytological position 75C and were identified by the Df(3L)H99
deletion, in which mutants lacked almost all cell death (White et al., 1994). sickle lies
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just outside this region (Figure 1). Each of these genes when expressed ectopically is
capable of inducing cell death (White et al., 1994; Grether et al., 1995; Chen et al., 1996;






■telomere< 270 kb centromere
Figure 1 - The Reaper complex
reaper, hid, grim, and sickle are located on chromosome 3, in a 270-kb interval in position 75C.
The H99 deletion does not include sickle. Arrows indicate the direction of transcription.
In this study, we wanted to induce apoptosis in the MM-CBG and the M-CBG.
To do this, we proposed manipulating gene expression in these cells. Manipulating gene
expression in vivo is a useful tool for deciphering the function of a gene. In 1993, Brand
and Perrimon developed the UAS/GAL4 system, which is now one of the most widely
used tools to manipulate gene expression in Drosophila. The system allows specific
activation of any cloned gene in specific cells or tissues.
In the UAS/GAL4 system, expression of the gene of interest is controlled by an
Upstream Activating Sequence (UAS) element. The UAS element contains five highly-
optimized GAL4 binding sites. GAL4 is a yeast transcriptional activator that is capable
of initiating transcription of a reporter gene in Drosophila (Fischer et al., 1988).
Transcription is activated only in the presence of both GAL4 and the UAS element.
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Thus, a two-pronged approach is used in Drosophila. One line of flies cames the
GAL4 element, termed the driver, which directs GAL4 expression in a tissue-specific
pattern. A second line carries the gene of interest fused to a UAS element. When these
two lines are crossed, their progeny contain both elements, and the gene of interest is
expressed wherever GAL4 is expressed. With this system, then, it is possible to express








Figure 2 - The UAS/GAL4 system for targeted gene expression
GAL4, a yeast transcriptional activator, regulates gene expression in Drosophila by binding to
upstream activating sequence (UAS) next to the gene of interest. The GAL4 gene has been
inserted randomly into the Drosophila genome so that its expression is controlled by nearby
tissue-specific enhancers. There is now an entire library of lines that express GAL4 in specific
cells or tissues. The expression of Gene X in these specific cells and tissues can be driven by
crossing the specific GAL4 line to a line of flies carrying the UAS-Gene X construct. The gene
of interest will be expressed in the same pattern that GAL4 is expressed.
an
The U AS/GAL4 system can therefore be used to deliberately express one of the
apoptotie genes in the MM-CBG and M-CBG to induce apoptosis. The function(s) of the
glia ean then be inferred based on the effect of this cell death on subsequent neuronal
development.
4
In this study, we wanted to develop the tools to direct the expression oirpr to the
MM-CBG and M-CBG. rpr was chosen because it was the only one of the four apoptosis
genes readily available in a UAS construct. Using  a GAL4 driver that expresses GAL4 in
the MM-CBG and M-CBG (Jones et al., 2004), we first showed that we could express a
reporter gene. lacZ. in these cells. After we verified that this could be done, we chose the
line of flies that expressed the reporter gene best and used it for the remainder of the
study.
The GAL4 line chosen was then manipulated to also contain UAS-/acZ. We
expected that crossing this line with a UAS-rpr line would result in no lacZ expression in
the embryos due to cell death by rpr-induced PCD. The overall goal was thus to develop
the tools to kill the MM-CBG and M-CBG.
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Materials and Methods
Fly strains and genetics
I was provided with eight GAL4 driver lines that expressed GAL4 in the MM-
CBG and M-CBG. The drivers supplied were from experiments aimed at finding
transcriptional control units for glial cells missing {gcm\ which is a gene that acts as a
binary switch for glial vs. neuronal fate (Jones et al., 2004). Each of the GAL4 vectors
consisted of two copies of the +3.87+4.5 kb region of genomic DNA downstream of gem
(Jones et al., 2004) fused to the GAL4 coding sequence. GAL4 is transcribed from the
minimal heat shock promoter, hs43, which consists of the hsp70 TATA box, deleted at
-43, in addition to leader sequences. The construct also contains a wild-type copy of the
white (w) gene (Figure 3).
w;\JAS-lacZ flies were used, which were obtained from the Bloomington
Drosophila Stock Center. The UAS-/ocZ construct is similar to the GAL4 driver
construct, except that it contains a UAS element instead of a specific genomic enhancer
region (Figure 3). All constructs had been previously introduced into the flies via P-
element-mediated transformation (Jones et al., 2004).
Two UAS-r/?r lines were used in this study: w VAS-rpr^'^ and w;UAS-r/>r
(Aplin and Kaufman, 1996). Both of these lines were obtained from the Bloomington
Stock Center. Targeted ablation was produced by crossing a UAS-rpr line to a line of












Figure 3 - The GAL4 driver and UAS-/rtcZ constructs
(A) The GAL4 driver construct consists of four main parts. The white gene (w) is included as a
marker to verily whether or not the flies have the inserted construct. The +3.8/+4.5 glial-specific
enhancer is placed upstream of the GAL4 coding sequence. It activates expression of GAL4 via
the minimal heat shock promoter, hs43. (B) The lacZ construct is similar, except that it contains
a UAS element upstream of the lacZ gene.
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Other lines used in this study included w^Sco/Cyo and w;CXD/TM3,Sb. Scutoid
{Sco), CXD, and Stubble {Sb) are dominant markers, whereas Curly of Oster (Cyo) and
TM3 are second and third chromosome balancers respectively.
Antibody staining
Horseradish peroxidase (HRP) immunohistochemistry was done as described by
Patel (1994). Rabbit anti-P-gal antibody (Cappel) was used at 1:10,000 dilution. An
HRP-conjugated goat-anti-rabbit secondary antibody (Jackson Immunoresearch) was
used at 1:300 dilution. The secondary antibody was detected using the
HRP/Diaminobenzidine (DAB) reaction. Stage 15-16 embryos were selected and
photographed under Nomarski optics.
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Results
Setting up the tools
Transgenic lines carrying drivers that expressed GAL4 in the M-CBG and MM-
CBG had been previously generated in the Jones lab. The P-element insertions had not
yet been mapped to specific chromosomes, however, and the expression of the lines had
not been characterized.
We first needed to map each of the inserted constructs to the specific chromosome
it was inserted into. To do this, we used basic Drosophila genetics to observe how the P-
element (indicated by a colored eye) segregated with either the X chromosome or other
dominant markers. Of the eight lines, lines 2, 6, 8, and 10 were located on the second
chromosome, while lines 1, 3, 5, and 7 were located on the third chromosome.
It was also important that the lines be balanced to ensure the longevity of the line.
If the insert was not healthy for the fly, for example, the P-element would eventually die
out as those flies less healthy are less likely to reproduce. To prevent this from
happening, balancers are used on the chromosome opposite the insert. Balancers simply
prevent recombination and are lethal when homozygous. This ensures that the insert is
always passed on to the next generation. A second chromosome balancer, Cyo, was used
to balance lines 2, 6, 8, and 10, while TM3, Sb was used to balance the lines with the P-
element inserted into the third chromosome.
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Testing the lines using the UAS/GAL4 system
Once all the lines were balanced, we tested three of them to ensure that we could
indeed turn gene expression on in the MM-CBG and M-CBG cells. We tested lines 2, 6,
and 10 because they were the first to be balanced. To test the lines, we crossed male flies
from each of the lines above to virgin female flies carrying UAS-/flfcZ (w;UAS-/acZ).
lacZ is a good reporter gene, as its product, p-galactosidase (P-gal), is easily detectable by
specific antibody staining. After collecting and fixing the embryos ft'om each of these
crosses, we used antibody staining to detect p-gal.
Each of the lines showed P-gal staining beginning at stage 11 of embryonic
development. P-gal is detected in the MM-CBG and the M-CBG in abdominal segments
one through seven, as well as in the maxillary segment (Figure 4). The MM-CBG and
M-CBG are derived from a single neural precursor, Glioblast 6-4A (Jones et al., 2004).
Therefore, the GAL4 driver in each of the lines contains an enhancer specific to the 6-4A
lineage.
While it is clear that each of the three lines expressed p-gal, the expression is not
equivalent. Line 10 expressed p-gal the best, followed by line 2 and then line 6 (Figure
4). Because line 10 showed the best expression, it was used for the remainder of the
study.
Manipulating the MM-CBG and M-CBG cells
Since GAL4 expression was strongest in the 10**’ GAL4 driver line, we wanted to
use these flies, along with UAS-rjor flies to express rpr in the MM-CBG and M-CBG
using the UAS-GAL4 system. In order to use P-gal to see the effects of this
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manipulation, liowe\ er. it was necessar>' to also have the UAS-lacZ construct in the flies
to act as a reporter. 'I'o do this, we first created a line of flies homozygous for both UAS-
kicZ and the GAL4 dri\ er (called 10 from this point onward) (Figure 5).
As expected, the (3-gal expression pattern is the same, although stronger, for this
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Figure 4 - Range of P-gal expression in three different GAL4 lines
(A-C)Anterior is to the left. All views are ventral. The same GAL4 construct (Figure 3)
is inserted into the second chromosome in each of these heterozygous lines. (A) GAL4
driver line 2. (B) GAL4 driver line 6. (C) GAL4 driver line 10. Expression is best in line
10, followed by line 2 and then line 6. Scale bar, 50 pm.
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Figure 5 — Diagram of crosses done to create double homozygous line
This schematic diagram shows the path we took to create homozygous flies for both the GAL4
driver element (1 0) and UAS-/c/cZ. Cyo and TM3,5'6 were used as balancers. Sco, vr, and CXD
were other markers used. Y indicates the y chromosome in males. + indicates wild-type.
r--*'
Figure 6 — Expression of P-gal in a line homozygous for both the GAL4 driver and
V AS-iacZ constructs
Anterior is to the left. View is ventral. This GAL4 and UAS-/<7cZdouble homozygote shows P-
gal staining in the seven abdominal segments. For each segment, two MM-CBG stain near the
midline, while two M-CBG stain laterally in each segment. Scale bar, 50 pm.
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We crossed the homozygous line to lines expressing UAS-rpr and used P-gal
expression as a means to determine whether or not the cells were affected. Two different
UAS-rpr lines were used: u’:UAS-/7?/-''* and w UAS-rpr^^ The UAS-rpr*'^construct was
located on the second chromosome, while the UAS-rp/*^’ construct was located on the X
chromosome.
When 10;U AS-/flcZ flies were crossed to w UAS-rpr^^ flies, there were
significant changes in the staining pattern observed when compared to a cross with wild-
type flies (Figure 7). The staining pattern is sporadic and disorganized when compared to
the control. Closer inspection reveals macrophages engulfing the remnants of the MM-
CBG and M-CBG.
When vv; 10;UAS-/^7cZ flies were crossed to w;UAS-rj9r*'* flies, there was no
significant change in staining pattern observed when compared to a cross with wild-type
flies. All seven abdominal segments, in addition to the maxillary segment, exhibited p-
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Figure 7 — rpr'^ expression causes programmed
cell death in the MM-CBG and M-CBG
Anterior is to the left. All views are ventral.
(A) When the homozygous line (Figure 6) is crossed
to a wild-type Hy, the P-gal staining pattern is normal.
(B) A close-up of the same embiy'o in (A) is shown.
(C) When the homozygous line is crossed to the
UAS-r/jr-’ line, the MM-CBG and M-CBG
undergo programmed cell death. Compared to the
wild-type control, the embryo expressing r/;/-'’shows P-gal staining in the remnants of the
MM-CBG and M-CBG. The pattern of staining is disorganized and sporadic. (D) A close-
up of the same embryo in (C) is shown. (E) An embryo expressing rpr'^ has a macrophage
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Figure 8 — rpr'^ fails to induce apoptosis in the MM-CBG and M-CBG
Anterior is to the left. P-gttl staining appears to be the same as in the control (Figure 7A). Even
thoLigli it ap|->ears that onl\ f1\ e abdominal segments are staining, all seven are. The last two
segments, as w ell as the maxillar\ cells, are in  a different plane. The missing M-CBG in
abdominal segment four is not an uncommon phenotype, as many of the control embryos also
lacked staining in one or tw o of the segments. Scale bar, 50 pm.
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Discussion
Programmed cell death is occurring in the MM-CBG and M-CBG expressing rpP^
After seeing the altered staining pattern that ectopic expression of rpr^^ causes, it
is clear that PCD is occurring in the MM-CBG and M-CBG in this line. While it is
possible that the change in the staining pattern is not due to apoptosis, but rather Reaper
itself affecting p-gal expression, it is very unlikely that this is the case. The existence of
macrophages provides strong evidence that apoptosis is occurring. Staining with the vital
dye, acridine orange, however, would provide further proof that these cells are indeed
undergoing apoptosis. Acridine orange binds specifically to apoptotic cells (Abrams et
al., 1993).
Differences in rpr lines is due to penetrance
The lack of a noticeable change in P-gal staining in the rpr^^ flies was surprising.
Because this line of flies contains the same P-element construct as the rpr flies, one
would expect the results to be the same. It is interesting that this was not the case. One
explanation for the difference between the two lines might lie in the location of the two
inserted constructs. The UAS-rpr'"^ construct is located on the X chromosome, while the
construct is located on the second chromosome. It is likely that the
27
\JAS-rpr
chromosomal environment of the inserted constructs affects the expression of the gene
product. It has been shown that the phenotypic effects caused by the insertion of a
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transposablc element do depend on the site of the insertion, whether it be inserted in
exons, introns. or regiilator> regions (Engels. 1989).
Penetrance ditTerences due to the location of the rpr^^ construct, then, can explain
the different results for the two lines. Ther/?r^ line appears to be highly penetrant,
line is either not penetrant at all (no expression) or only slightly
penetrant (ver>- little or little expression). Even if Reaper is being produced in the MM-
CBG and M-CBG in the flies, the amount is below the threshold of Reaper needed
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whereas the rpr
to induce significant PCD.
Differences in Reaper expression between the two lines could be verified using
either antibody staining against the Reaper protein or in situ hybridization to detect
Reaper mRNA.
Limitations on using rpr expression to induce PCD
Recent studies have focused specifically on the relationships among the four
apoptotic genes in the ?'pr complex. While some studies indicate that these genes can
function independently of one another to induce PCD, more recent studies have indicated
that the genes most likely act synergistically to induce apoptosis in a cell lineage-specific
manner (White et al., 1994; Grether et al., 1995; White et al., 1996; Chenetal., 1996;
Nordstrom et al., 1996; Zhou et al., 1997). For example, in the Drosophila CNS midline,
grim alone is sufficient to induce cell deatli, but rpr or hid expression alone fails to
induce PCD in these cells (Wing et al., 1998).
I'his study shows that ectopic expression of rpr alone is capable of inducing
apoptosis in the MM-CBG and M-CBG. It is important to note that ectopic expression of
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rpr will not work in an> t> pc of coll to induce PCD. Experimentation with different
combinations of the four proapoptotic genes would be necessary to determine which
activated genes are neeessar> to induce PCD in other types of cells. In this study, it
would be interesting to express some of the other apoptotic genes in combination with
to see it PC'I) is more se\ ere or if it occurs at a faster rate.
The mechanism of rpr-induced PCD
Much has been learned recently about the specific mechanisms involved in
promoting PCD. Grim, Reaper. Hid, and Sickle share a short region of conserved amino
acids at the N terminus (Chen et al.. 1996), which is an inhibitor of apoptosis protein
(lAP) binding motif. I'he agreed upon model is that these proteins, either independently
or synergistically, bind to lAPs and inactivate them, which leads to activation of a
caspase (Wang et al., 1999; Goyal et al., 2000; Srinivasula et al., 2002; Wing et al., 2002;
Christich et al.. 2002).
More recently, a separate, mitochondrial pathway has been implicated in inducing
PCD through a common domain present in Grim, Reaper, and Sickle called the Grim
Helix 3 (GH3) domain (Claveria et al., 2002). Observations suggest that the lAP-
mediated mechanism and the mitochondrial mechanism are independent of each other but
also act in a combinatorial manner to induce PCD efficiently (Claveria, 2003).
Future directions
Now that it has been shown that ectopic expression of rpr is sufficient to kill the
MM-CBG and M-CBG, the effects of this abnormal cell death should be evaluated in
18
terms of its ctTccts on subsequent neuronal viability, development, morphology, and
physiologN. B\ determining the elTects, the specific functions of the MM-CBG and M-
CBG can be deduced.
The MM-C'BG are thought to be closely associated with the ventral unpaired
median (VUM) neurons, so it is likely that there would be some sort of morphological or
physiological change in the VUM neurons if the MM-CBG are dead. Antibody staining
on embry os that express rpr would hopefully reveal these changes.
In addition, \\ ith the tools de\ eloped in this study, it would be interesting to
express other genes ectopically in the MM-CBG and M-CBG and observe the effects of
this expression on glial cells and neurons. For example, expressing genes involved in
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